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Infection of maize (Zea mays L.) by Aspergillus flavus Link:Fr. and the subsequent accumulation of the toxic and highly carcinogenic secondary metabolites, aflatoxins, is a serious agricultural problem, especially in maize grown under drought conditions (19, 31) . Aflatoxin contamination significantly reduces the value of grain both as an animal feed and as an export commodity (29) . It also poses health hazards to humans (24, 31) and domestic animals (29) .
During the past two decades, maize genotypes with natural preharvest resistance to aflatoxin production have been identified through field screening (11, 33, 39) . The poor agronomic quality of these lines renders them of little direct commercial value (7) . The lack of identified resistance-associated traits in these genotypes has slowed the incorporation of resistance into lines with commercially acceptable genetic backgrounds.
Maize kernel protein expression has been implicated in resistance to A. flavus infection and aflatoxin production (7, 14, 23, 27) . Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) profiles of embryo proteins of two resistant maize genotypes were recently compared with those of five susceptible genotypes (13) . One such protein, denoted as spot #1175, was expressed at higher levels (fivefold) in resistant genotypes Mp420 and Mp313E than in susceptible genotypes, some of which appeared to completely lack the protein (Fig. 1 ).
In the current study, protein spot #1175 from resistant genotype Mp420 was sequenced and identified as glyoxalase I (GLX-I) (S-D-lactoylglutathione methylglyoxal lyase; EC 4.4.1.5). This enzyme, along with glyoxalase II (GLX-II) (EC 3.1.2.6), is involved in the conversion of cytotoxic methylglyoxal (MG) into D-lactate (18) (Fig. 2) . A recent study by Veena et al. (36) suggested an important role for GLX-I in conferring tolerance to transgenic tobacco plants grown under stress conditions (methylglyoxal or high salt).
The objective of the present study was to investigate the potential for direct involvement of GLX-I in host resistance against aflatoxigenic fungi. Here, we cloned the GLX-I cDNA based on partial amino acid sequences, assayed its enzyme activities in aflatoxin-resistant and -susceptible maize kernels, both fungal-infected and noninfected, and investigated the effect of aflatoxin on GLX-I activity. We also assessed the effect of methylglyoxal, GLX-I's substrate, on aflatoxin production and the expression of aflatoxin pathway genes in liquid culture. Higher GLX-I activities observed in kernels of resistant lines with or without A. flavus infection, and the effect of MG on the expression of aflatoxin pathway genes and on aflatoxin production, suggest a direct role for GLX-I in host resistance against aflatoxin accumulation.
MATERIALS AND METHODS
Chemicals and materials. Chemicals for 2-D protein gels and kernels of resistant and susceptible maize genotypes were obtained from the same source as in a previous study (13) . Resistance or susceptibility of genotypes to aflatoxin accumulation was determined by breeders in field trials repeated over different environments and times using artificial and natural infection. Aflatoxin standards were purchased from Sigma-Aldrich (St. Louis) and prepared according the manufacturer's instructions.
2-D Gel electrophoresis, peptide sequencing, and database sequence homology analysis. Protein spot #1175 identified in previous comparisons (13) was recovered from five 2-D gels and sequenced as previously described using PE SCIEX API 3000 (Applied Biosystems, Foster City, CA) electrospray ionization tandem mass spectrometry (ESI-MS/MS) equipped with a Protana nanospray source (Protana, Odense, Denmark) (13) . Peptide sequence homology searches were performed using BLAST (2) against known proteins or translated open reading frames of expressed sequence tags (ESTs) in databases at the National Center for Biotechnology Information (NCBI) and SWISS-Prot.
Cloning of the full-length GLX-I gene (glx-I) from a maize embryo cDNA library. Two degenerate primers were made, 5′-CTTCCAICC(G/A)TCIGG(G/A)TC-3′ (GLX-R1) and 5′-AG-(G/A)AA(G/A)TCIGT(G/A)TT(G/A)TC(G/C/A)AC-3′ (GLX-R2), based on peptide sequences from peaks b and c, respectively (Fig.  3) . The first round of polymerase chain reaction (PCR) to amplify the 5′ end of glx-I cDNA was performed in 50 µl using a M13 (-20) and GLX-R2 primer pair and 1 µl of undiluted cDNA library (titer 1.1 × 10 7 plaque forming units per ml) as template (provided by T. Rocheford, Department of Crop Sciences, University of Illinois, Urbana). The PCR conditions consisted of 95°C for 2 min, followed by two cycles of 95°C for 50 s, 50°C for 3 min, and 72°C for 1.5 min; then followed by 30 cycles of 95°C for 50 s, 53°C for 1 min, and 72°C for 1.5 min; and a final extension of 72°C for 15 min. The second round of PCR was performed using primers M13 (-20) and GLX-R1 and 1 µl of 1:20 diluted first-round PCR product as template. The PCR conditions were similar to the first round except the annealing temperature was 53°C throughout. The 1.0-kb PCR product was cloned into the pCR2.1-TOPO vector for sequencing according to manufacturer's instructions (Invitrogen, Carlsbad, CA). Primers GLXEND-03 (5′-CTGTTATTGCCTTCGCACA-3′, made based on the cloned glx-I 5′ end sequence) and M13rev were used to clone the 3′ end of the glx-I from the same cDNA library. PCR conditions were the same as the first round of PCR for the glx-I 5′-end cDNA described above, except that the annealing temperature for the first two cycles was 45°C, followed by 50°C for the remaining cycles. The second round of PCR for the glx-I 3′-end cDNA was performed similarly using primer GLXEND-05 (5′-TGTTGGTGAC-CTTGAGCGTTC-3′), which also was made based on the cloned glx-I 5′-end cDNA sequence, and M13rev and 1 µl of the 1:20 diluted first-round PCR mixture as template. PCR conditions were similar to the first round, except the annealing temperature was 53°C. The 0.7-kb PCR product then was cloned as above and sequenced using a dye termination reaction on an ABI 377 DNA sequencer (Applied Biosystems Inc., Warrington, UK).
GLX-I activity assays in resistant and susceptible kernel embryos. GLX-I enzyme activity in kernel embryo protein extracts of 11 maize genotypes (6 resistant and 5 susceptible) was measured according to Racker (32) and Johansen et al. (26) . The assay mixture contained 100 mM sodium phosphate buffer, pH 7.5, 3.5 mM MG, 1.7 mM reduced glutathione (GSH), and 16.0 mM magnesium sulfate in a final volume of 1 ml. The mixture was transferred to a quartz cuvettes and incubated at 25°C. The reaction was initiated by adding the enzyme (0.02 ml of extract, or boiled extract as a control), and the formation of S-Dlactoylglutathione thio-ester was monitored by measuring the increase in absorbance at 240 nm in a spectrophotometer UV-1601 (Shimadzu, Columbia, MD) for 20 min. The UV absorbance was converted to mole quantity by using the molecular coefficient of 3,370 for S-lactoylglutathione. One unit is defined as 1 µmol Slactoylglutathione/min. The protein concentrations were determined using the Bio-Rad protein assay kit according to Bradford (6) . The experiment was conducted three times.
GLX-I activity, MG content, and aflatoxin production in infected or noninfected kernels. The enzyme activity and MG content were assayed in total kernel protein extracts from three resistant and three susceptible genotypes with or without fungal infection along with aflatoxin quantitation. Kernels (120 per genotype) of three resistant (Mp420, GT-MAS:gk [MAS], and T115) and three susceptible genotypes (B73, G4666, and P3165) were surface sterilized as described (34) . Eighty kernels from each genotype were inoculated with an A. flavus conidia suspension (5 × 10 6 conidia/ml) and incubated at 31°C under 100% humidity for 7 days as previously described (9) . At the end of incubation, 40 kernels were ground as described in a previous study (14) and the protein extract was used for GLX-I activity assay (above). The other 40 kernels (4 kernels/replicate) were bagged, dried, and used for aflatoxin quantitation using the method of Brown et al. (9) . The remaining 40 kernels from each genotype were inoculated with sterile water to serve as a noninfected control and were incubated for 7 days under the same conditions before grinding for GLX-I activity assay. The experiment was conducted twice.
MG content in kernel protein extract was measured essentially as described above for the GLX-I activity assay, except that protein extracts were used as a source of MG in the GLX-I reaction. The assay mixture contained 100 mM sodium phosphate buffer, pH 7.5, 1.7 mM reduced GSH, 16.0 mM magnesium sulfate, and 20 units of GLX-I (Sigma-Aldrich) in a final volume of 1 ml. The reaction was started by adding 20 µl of various known concentrations of MG solution (0, 2, 4, 8, 10, 16, and 20 µM) or protein extracts and the changes in absorbance at 240 nm were monitored using a Shimadzu spectrophotometer UV-1601 for 20 min. The MG concentration in protein extract was calculated based on the standard curve between MG concentration and changes in absorbance per minute.
Inhibition of glyoxalase activity by aflatoxin. The GLX-I activity assay reaction mixture containing 100 mM sodium phosphate buffer, pH 7.5, 1.7 mM reduced GSH, and 16.0 mM magnesium sulfate was set up as described above. Then, different amounts of aflatoxins (0 to 600 ng of B 1 in 4 µl of acetone) were added to the GLX-I assay mixture. The mixture (final volume 1 ml) was incubated at room temperature for 5 min prior to the addition of MG to start the reaction. The reaction mixture containing 4 µl of acetone only also was used as a control. Reduction in enzyme activity compared with the acetone-only control is expressed as the inhibition effect of aflatoxin. The experiment was conducted twice, with three replicates for each treatment.
Aflatoxin production and fungal growth of A. flavus in culture containing MG. A & M medium (100 ml/flask) (1), containing various concentrations of MG (0, 5, 10, 20, 50, 100, 250, and 500 µM; 1 µM = 0.072 µg/ml), was inoculated with 1 × 10 5 freshly prepared A. flavus conidia per flask. The flasks were incubated at 31°C with continuous shaking (200 rpm) for 4 days. At the end of incubation, aflatoxins were extracted from the medium and mycelia using acetone and chloroform, and quantified as previously described (16) . Fungal mycelium then was collected through filtration and the final weight was recorded after drying overnight at 50°C. This experiment was conducted twice with three replicates per treatment.
Real-time reverse-transcription PCR. Real-time reverse-transcription (RT)-PCR was used to examine whether the presence of MG in fungal growth medium affected the expression of aflatoxin biosynthesis pathway genes. Fungal cultures were started as described above and MG was added at the time of inoculation. The MG concentrations used for this study were: 0, 5, 20, 50, and 250 µM. After 4 days of continuous culture at 31°C, fungal mycelia were harvested and ground in liquid nitrogen. Total fungal RNA was isolated using the Qiagen RNeasy mini kit (Valencia, CA) and reverse transcribed into cDNA using TaqMan Reverse Transcription Reagents (Applied Biosystems) according to the manufacturers' instructions. Then, the level of aflatoxin biosynthesis pathway gene expression was quantified using an ABI 5700 Thermal Cycler with SYBR Green dye chemistry (Applied Biosystems). The primer pairs amplifying the following genes were used in real-time PCR: 18S ribosomal RNA, aflR (an aflatoxin pathway transcription activator), aflJ (regulator), nor 1 (reductase), ver 1 (dehydrogenase), and pks (polyketide synthase) (40) ( Table 1) . Data were normalized to the 18S ribosomal RNA levels. This experiment was conducted twice, each time with three replicates per treatment. Statistical analysis. All data were analyzed using the analysis of variance procedure of the Statistical Analysis System (SAS Institute, Cary, NC). Aflatoxin data were log transformed prior to analysis to equalize variances. Means were separated by Duncan's multiple range test (P ≤ 0.05).
RESULTS
Protein sequencing and database query. Protein spot #1175 was expressed at high levels (fivefold) in resistant genotypes Mp420 and Mp313E and at low or undetectable levels in most susceptible maize lines examined (Fig. 1) . Spot #1175 was excised from Coomassie-stained preparative 2-D gels and subjected to in-gel trypsin digestion. The digested peptides then were separated using liquid chromatography. Three of the peaks were selected for sequence analysis using ESI-MS/MS (Fig. 3) . The peptide sequences obtained from MS are shown in the inset of Figure  3 . Peptide sequence analysis of spot #1175 showed that it has a high homology (94%) to the C-terminus of the GLX-I protein from rice (Fig. 4) .
Cloning and sequencing of cDNA encoding maize GLX-I. The 5′ end of glx-I was cloned from a cDNA library using PCR with two degenerate primers. Several independent PCR clones were sequenced and the sequence information confirmed that the cloned cDNAs are part of the gene or genes encoding maize GLX-I. The 3′ end of glx-I cDNA was cloned using 3′-end rapid amplification of cDNA ends as described above. The full-length cDNA (GenBank accession no. AY241545; this study) is 1,154 bp long, with an open reading frame between 103 to 972, capable of encoding 290 amino acids. A BLAST search of the sequence before submitting to GenBank found several EST sequences (such as BG842523, BQ293544, BQ164210, and CA400243) from different tissues of maize that showed high homology (ranging from 97 to 99%) to the glx-I reported in this study. The deduced molecular mass of the encoded protein is 32,302 Da with a pI of 5.45, which is very close to the estimated molecular mass (33,914) and pI (5.60) based on 2-D gels (13) . The deduced amino acid sequence of glx-I from maize consists of two conserved homologous domains (Fig. 4, underlined) , and it shares significant homology to GLX-I from Oryza sativa (88% identity) (accession no. AB017042). It also shares ≈75% sequence identity to GLX-I from Arabidopsis thaliana (accession no. AY087874), Brassica oleracea, (accession no. Q39366), and Triticum aestivum (accession no. AJ243528) (Fig. 4) . All four belong to the two-domain long-type glyoxalase family (26) based on their size. The sequence similarity between maize and human, mice, or Escherichia coli GLX-I, however, was much lower (35 to 52% identity).
Variation of GLX-I activity in different maize genotypes. The kernel embryo protein extracts, from which spot #1175 was first identified, were assayed for GLX-I activity. High variation (as much as fourfold) of GLX-I activity was observed between genotypes, ranging from 0.216 for Mp313E (resistant [R]) to 0.045 µmol S-lactoylglutathione mg -1 of protein min -1 for P3154 (susceptible [S]) (Fig. 5) . Out of 11 genotypes studied, the resistant embryos contained higher levels of GLX-I activity than the susceptible ones on either per milligram of protein or per gram embryo basis (data not shown), with the exception of MI82 (R) and Va35 (S) (Fig. 5) . The level of GLX-I activity in MI82 was comparable to susceptible genotypes, whereas the activity in Va35 was comparable to resistant lines. This high level of GLX-I activ- Fig. 4 . Sequence homology comparisons of deduced amino acid sequences of glyoxalase I (GLX-I) from Zea mays (this study, AY241545; GLX-ZM), Oryza sativa (AB017042, GLX-OS), Triticum aestivum (AJ243528, GLX-TA), Brassica oleracea (Q39366, GLX-BO), and Arabidopsis thaliana (AY087874, GLX-AT). Bold letters indicate the region where the peptide sequence was obtained from electrospray ionization tandem mass spectrometry of spot #1175. Underlined letters indicate the two conserved domains of GLX I protein. Gaps (indicated with "-") were introduced to achieve maximum sequence alignment. The consensus sequence (consen) is written on top of the alignment, and amino acids identical in all species are shown in caps. Amino acids identical in at least three species are shown in lower case. Others were indicated with ".". ity in Va35 agrees well with its high protein level observed on 2-D gels. When the glyoxalase activity of the resistant genotypes (mean activity = 0.177 µmol S-lactoylglutathione mg -1 of protein min -1 ) is collectively compared with that of the susceptible genotypes (0.124 µmol S-lactoylglutathione mg -1 of protein min -1 ), the difference in mean activity between the two groups was significant (least significant difference = 0.033, P = 0.05).
GLX-I activity, MG content, and aflatoxin accumulation in Aspergillus flavus infected or noninfected kernels. The GLX-I activities in kernels of three resistant and three susceptible genotypes with or without Aspergillus flavus infection were determined (Table 2 ). In noninfected (imbibed) kernels, two resistant lines have significantly higher levels of kernel GLX-I activity than susceptible genotypes. The activity in the other resistant line (MAS) is not significantly different from the susceptible genotypes. In infected kernels, all three resistant genotypes contained significantly higher levels of GLX-I activity than susceptible ones (Table 2) . Also, a significant increase in GLX-I activity was observed in resistant genotype MAS compared with the noninfected kernels. The activity did not change significantly in all other genotypes compared with the noninfected kernels ( Table 2) . In noninfected kernels, the level of MG showed a pattern similar to the GLX-I activity ( Table 2) . Two (B73 and P3154) of the three susceptible genotypes had significantly lower levels of MG than resistant lines ( Table 2) . The highest MG level was measured in Mp420 (R) and the lowest level in P3154 (S). In infected kernels, MG content did not change significantly in resistant lines compared with noninfected kernels, whereas it increased significantly in two susceptible lines, G4666 and B73 (Table 2) .
Aflatoxin inhibits GLX-I activity in vitro. In mice, it has been reported that aflatoxin inhibits colon GLX-I activity and increases the sensitivity of mice to MG (3, 4) . Here, using an in vitro assay, aflatoxin inhibited the activity of maize GLX-I as well (Fig. 6 ). The addition of 30 ng of aflatoxin B 1 to 1 ml of assay mixture did not reduce activity significantly; however, in the presence of aflatoxin B 1 at 300 or 600 ng/ml of assay mixture, there was significant reduction (23.7 and 37.4%, respectively) compared with the control (Fig. 6 ). Significant inhibition initially was seen with the addition of aflatoxin B 1 at 60 ng/ml of assay mixture (data not shown).
MG induces aflatoxin production in A. flavus culture. The effect of MG on fungal growth and aflatoxin production also was investigated. Aflatoxin production in fungal growth medium was induced by ≈100% in the presence of as little as 5 µM MG (equivalent to 0.36 µg/ml) (Fig. 7) . The maximum induction of aflatoxin was observed in medium containing 20 µM MG. As the concentration of MG in the medium increased to above 50 µM, the amount of aflatoxin decreased; however, it was still significantly higher than the control. The addition of MG to fungal growth medium did not appear to inhibit fungal growth; instead, a steady increase in fungal biomass was observed with the increase in MG concentration in the medium (Fig. 7) .
MG affects the expression of aflatoxin biosynthetic pathway genes. The expression of aflatoxin pathway genes in the presence of MG also was examined using real-time PCR. The data pre- z Within columns and across rows for glyoxalase I (GLX-I) activity and methylglyoxal (MG) content, values followed by the same letter did not differ significantly by Duncan's multiple range test. Kernels were inoculated with either sterile water (Noninfected) or an Aspergillus flavus conidia suspension (Infected) and incubated for 7 days before the measurements. R = resistant, S = susceptible, and ND = not detectable. sented here represent combined data from two repeats for all five genes examined in this study, and were normalized to the level of aflR in the control medium. Under normal growth conditions without MG (control medium), the transcript levels for aflR and nor 1 in control medium were similar, and that of aflJ was approximately half of aflR. The expression of the other two genes, ver 1 and pks, was ≈25-fold higher than aflR. When the cultures were treated with low concentrations of MG (5 or 20 µM), three different expression patterns were observed depending on the genes. The first pattern was seen for aflR and nor 1, in which the expression of both genes increased significantly (78 and 30%, respectively) as the concentration of MG in the medium was increased from 0 to 20 µM (Fig. 8A and C) . The second pattern was seen for aflJ and ver 1, in which the gene expression did not change as MG concentration increased from 0 to 20 µM in the cultures (Fig. 8B and D) . The expression of pks, which decreased as MG concentration increased in the cultures, represents the third pattern (Fig. 8E) . As the concentration of MG in the medium continued to increase to 50 or 250 µM, a significant decrease in the level of expression of all the aflatoxin biosynthesis genes examined in this study compared with the untreated control was observed. The expression of nor 1 and aflJ decreased to approximately one-half and one-sixth, respectively, of the untreated control in the presence of 250 µM MG. This treatment also de- Transcript levels of five aflatoxin biosynthesis pathway genes were measured using realtime polymerase chain reaction and first were normalized to 18S ribosomal RNA (internal normalizer). The mean level (fold) of expression shown here is relative to that of aflR in the control medium, which is defined as 1.
creased the level of ver 1 and pks transcripts, two of the highly expressed genes, by 11.8-and 6.5-fold, respectively, compared with the control (Fig. 8) .
DISCUSSION
A. flavus infection of maize kernels occurs early during kernel development. However, aflatoxin accumulation does not occur until late in the maturation phase, coinciding with the onset of dehydration (31) . Increased temperatures and drought, which often occur together, are major factors known to enhance aflatoxin contamination of maize kernels (31) . Recent studies have found higher levels of stress-related proteins and highly hydrophilic storage proteins in kernels of resistant genotypes compared with susceptible genotypes (13) . This may enable resistant kernels to effectively induce an active defense response upon fungal attack, even under stresses caused by heat or drought.
In the present study, a GLX-I protein, expressed at higher levels in resistant maize kernel embryos than in susceptible ones (13) , was identified on the basis of peptide sequence analysis. Here, we also report the cloning of a glx-I gene from maize for the first time. Sequence homology comparisons indicate that maize GLX-I belongs to the long-type glyoxalase family (280 to 295 amino acids), which contains two highly homologous domains. It is believed that the monomeric two-domain long-type GLX-I genes are evolved from dimeric one-domain short-type GLX-I genes through the process of gene duplication and threedimensional domain swapping (10) .
GLX-I is present in many organisms, such as fungi, plants, and animals (36), but its role has not been well investigated in plants. It catalyzes the conversion of MG, a potent cytotoxic compound, to nontoxic D-lactate in the presence of glutathione and GLX-II (26) . MG is known to arrest growth and react with DNA and protein and increase sister chromatid exchanges (21, 30, 35) . MG is produced spontaneously in all organisms at low micromolar concentrations under physiological conditions from glycolysis and photosynthesis intermediates, glyceraldehyde-3-phosphate and dihydroxyacetone phosphate (20, 25) . It also can be produced enzymatically by triose phosphate isomerase or by MG synthetase (20, 25) . Recent studies found that, in addition to dehydrin and group 3 late embryogenesis abundant proteins, glx-I also was induced during drought stress (5) in Sporobolus stapfianus, and in response to salt and water stresses in B. juncea (36) and tomato (20) , suggesting an important role for GLX-I in conferring tolerance to plants under those stress conditions (36) .
To investigate the possibility of a direct relationship between GLX-I and maize kernel aflatoxin resistance, levels of GLX-I activity in dry, noninfected (imbibed), and infected kernels of resistant and susceptible lines were examined. It was determined that resistant lines generally have higher constitutive levels of GLX-I activity than susceptible ones. The exceptions to this are the low GLX-I activity in the resistant line MI82 and high GLX-I activity in susceptible genotype Va35, suggesting that, in addition to GLX-I, other factors also may play an important role in kernel resistance (15) . Trypsin inhibitor proteins (14) , chitinases (28) , and kernel phenolic compounds (22) are other compounds that may contribute as well. Recent genetic studies have shown that resistance to A. flavus infection and aflatoxin production in maize is a multiple-gene-controlled trait (or a quantitative trait) (17, 37) . The higher GLX-I activity in noninfected (imbibed) kernels (Table 2) compared with dry kernels (Fig. 5) indicated that imbibition may induce GLX-I activity in both resistant and susceptible genotypes. However, fungal infection did not appear to have a clear effect on the GLX-I activity. Only one resistant genotype (MAS) showed a significant increase in GLX-I activity due to infection. This observed increase of GLX-I activity after infection was not likely contributed by A. flavus, because the same was not observed in susceptible genotypes where more colonization usually is observed (8) . Instead, this increase likely is due to the induction of glx-I expression in response to A. flavus infection (12) . In B. juncea, an increase in glx-I expression and GLX-I activity has been reported when the seedlings were subjected to salt stress (36) . After fungal infection, the level of MG did not increase in resistant genotypes. This lack of increase could be due to the relatively higher levels of GLX-I activity observed in resistant infected kernels. However, two of three susceptible genotypes showed a significant increase in MG content in infected kernels. Increases in MG production when cells are under stress also has been reported (25) . An elevation in MG content in susceptible genotypes, combined with low GLX-I activities, could weaken the kernel's ability to defend against fungal infection. In addition, the present study also demonstrated that the presence of aflatoxin at levels of 300 to 600 ppb significantly inhibited maize GLX-I activity in vitro. A similar inhibitory effect of GLX-I activity by aflatoxin also has been reported in mice (3, 4) . Therefore, the accumulation of high levels of aflatoxin in susceptible kernels after infection, usually ranging from hundreds to thousands of parts per billion or even higher (31) , could further inhibit the kernel GLX-I activity.
The current study also examined possible adverse effects of an increase in MG concentration on A. flavus. No in vitro evidence of MG inhibition of fungal growth was observed. However, an unexpected induction of fungal growth and aflatoxin production at low MG concentrations (5 to 20 µM) was observed. An examination of aflatoxin biosynthetic pathway gene expression indicated that the pathway regulatory gene afl R transcript was significantly upregulated (78%) when the culture was treated with MG at 20 µM for 4 days. Other pathway genes, such as nor 1, also showed an increase in transcript levels under the same conditions.
The present study suggests an important role for GLX-I in resistance through the control of MG levels and, therefore, aflatoxin induction, in A. flavus infected kernels. However, other factors also may contribute to kernel resistance. Whether or not GLX-I plays another role in kernels related to stress tolerance requires further investigation. Strategies such as gene silencing using RNAi (38) or quantitative trait loci mapping of glx-I in the future could provide the basis for gaining greater clarity as to the significance of GLX-I in host resistance or stress tolerance.
